1. Introduction {#sec1-antibiotics-08-00188}
===============

HybenX^®^ (EPIEN Medical, Saint Paul, MN, USA) is a novel hygroscopic solution composed by a mixture of acidified phenolics, consisting of 60% sulfonated phenolics, 28% sulfuric acid, and 12% water \[[@B1-antibiotics-08-00188]\]. This desiccating agent was approved in 2013 by the Food and Drug Administration as an adjunctive rinse of tooth root canal systems and adjacent tooth surfaces to enhance the removal of post-instrumentation dentinal debris and smear-layer within the root canal systems.

HybenX^®^ has demonstrated effectiveness against bacterial dental biofilms in previous studies \[[@B1-antibiotics-08-00188],[@B2-antibiotics-08-00188],[@B3-antibiotics-08-00188],[@B4-antibiotics-08-00188]\], with a significative improvement in chronic periodontitis when used as an adjunct to scaling and root planing (in a randomized, controlled clinical study) \[[@B5-antibiotics-08-00188]\], and also some efficacy in reducing the pain of recurrent oral aphthous lesions \[[@B6-antibiotics-08-00188]\]. HybenX^®^ compared to other anti-biofilm solutions as root canal irrigants, also demonstrated the capability to remove the inorganic component of the smear layer \[[@B2-antibiotics-08-00188]\]. However, even if a clear anti-biofilm effect of HybenX^®^ has been demonstrated, at least against *Enterococcus faecalis* \[[@B2-antibiotics-08-00188]\], the in vitro antimicrobial activity on different bacterial and fungal pathogens has not been investigated yet.

In this study we investigated the antimicrobial activity of HybenX^®^ compared to sodium hypochlorite and chlorhexidine against a collection of reference strains of bacterial and fungal pathogens.

2. Results {#sec2-antibiotics-08-00188}
==========

The most active agent against bacteria of nine different bacterial species representative of the most common bacterial pathogens recovered from human infections was chlorhexidine, showing a minimal inhibitory concentration (MIC) within a range of 4.9 × 10^−5^--1.5 × 10^−3^%, followed by sodium hypochlorite with 3.9 × 10^−2^--1.6 × 10^−1^%, and HybenX^®^ with 3.9 × 10^−1^% ([Table 1](#antibiotics-08-00188-t001){ref-type="table"}). Conversely, the minimal bactericidal concentrations (MBC) of chlorhexidine were also lower than sodium hypochlorite and HybenX^®^, being in most cases the same or, at most, two-fold higher than the corresponding MICs. Also, against yeasts, HybenX^®^ showed a potent inhibitory activity, but lower than sodium hypochlorite and chlorhexidine, showing an MIC range of 0.78%, 2 × 10^−2^--3.9 × 10^−2^% and 4.9 × 10^−5^--1.5 × 10^−3^%, respectively, for strains of six yeast species, with the exception of *Candida glabrata* ATCC 90030, for which HybenX^®^ exhibited an MIC of 0.1% ([Table 2](#antibiotics-08-00188-t002){ref-type="table"}). Even with yeasts, the minimal fungicidal concentrations (MFCs) were in most cases the same or two-fold higher than the corresponding MICs, except for *Candida glabrata* ATCC 90030 ([Table 2](#antibiotics-08-00188-t002){ref-type="table"}). No discrepancies were observed between experimental replicates.

Interestingly, the activity of the different agents was not related to the resistance phenotype to other drugs, since multi-drug resistant strains (including a methicillin-resistant *Staphylococcus aureus*, a vancomycin-resistant *Enterococcus faecalis,* a carbapenemase-producing *Escherichia coli,* and an extended-spectrum β-lactamase producing *Klebsiella pneumoniae*) included in this study overall exhibited similar MIC and MBC to the susceptible strains of the same species ([Table 1](#antibiotics-08-00188-t001){ref-type="table"}).

3. Discussion {#sec3-antibiotics-08-00188}
=============

This study underlines the strong inhibitory and cidal activity of HybenX^®^, chlorhexidine, and sodium hypochlorite against bacterial and fungal pathogens, even at relatively low concentrations. This broad-spectrum antimicrobial activity of HybenX^®^ was previously unkown, due to the lack of previous data. Chlorhexidine and sodium hypochlorite proved to be active against common bacterial and fungal pathogens at lower concentrations compared to HybenX^®^. Nonetheless, it has to be noted that Hybenx^®^ is actually administered undiluted, while chlorhexidine is usually applied in solutions ranging from 0.02% to 2% \[[@B7-antibiotics-08-00188],[@B8-antibiotics-08-00188],[@B9-antibiotics-08-00188]\], and sodium hypochlorite 0.02--5.25% \[[@B10-antibiotics-08-00188],[@B11-antibiotics-08-00188],[@B12-antibiotics-08-00188]\]. The activity of HybenX^®^ against *S. aureus* and *E. faecalis* appears to be of particular relevance due to the role of these pathogens in some periodontal infections (e.g., chronic and aggressive periodontitis) \[[@B13-antibiotics-08-00188],[@B14-antibiotics-08-00188]\]. It could be of interest to compare the activity of HybenX^®^ with quaternary ammonium compounds and antimicrobial filler nanocompounds, also studied for dentistry applications \[[@B15-antibiotics-08-00188],[@B16-antibiotics-08-00188]\]. Moreover, the broad spectrum antibacterial and antifungal activity of HybenX^®^ could be of interest for possible future uses with non-healing wounds, in epidemiological settings with a high prevalence of multi-drug resistant bacterial strains, or complicated with fungal infections, together with other promising antibacterials, such as silver nanoparticles \[[@B17-antibiotics-08-00188]\]. In particular, HybenX^®^ proved to be more active against *C. glabrata*, even if the MBC was comparable to that observed with the other yeasts. However, the in vivo efficacy and safety of HybenX^®^ for non-healing wounds has still to be evaluated.

A limitation of the study is represented by the use of the broth microdilution method, which could not reflect the current limited in vivo exposure time of topically applied HybenX^®^. Further studies will be necessary in order to assess the bactericidal activity of this device within a limited timeframe (comparable to the 10--60 seconds of a possible in vivo application). However, other antimicrobials commonly used in periodontitis have previously been evaluated for their in vitro activity by measurements of MIC and MBC \[[@B18-antibiotics-08-00188],[@B19-antibiotics-08-00188]\]. Moreover, HybenX^®^, at active concentrations, could be associated with specific dressings for ulcer treatment, therefore increasing the exposure time, as already done with other antimicrobial compounds \[[@B20-antibiotics-08-00188]\].

4. Materials and Methods {#sec4-antibiotics-08-00188}
========================

4.1. Bacterial and Fungal Strains {#sec4dot1-antibiotics-08-00188}
---------------------------------

The bacterial strains used for testing the activity of HybenX^®^, chlorhexidine, and sodium hypochlorite included 16 reference strains representative of common Gram-positive (*Staphylococcus aureus* and *Enterococcus faecalis*) and Gram-negative (*Pseudomonas aeruginosa*, *Enterobacter cloacae, Klebsiella aerogenes*, *Escherichia coli*, *Klebsiella pneumoniae,* and *Acinetobacter baumannii*) pathogenic species ([Table 1](#antibiotics-08-00188-t001){ref-type="table"}). Tested concentrations were 6.25--0.003%, 0.2--0.00009%, and 1.25--0.0006% for HybenX^®^, chlorhexidine, and sodium hypochlorite, respectively. The fungal strains used for testing the activity of HybenX^®^ included 10 reference strains representative of pathogenic yeast species (*Candida auris, Candida tropicalis*, *Candida krusei*, *Candida albicans*, *Candida glabrata*, *Candida parapsilosis,* and *Cryptococcus neoformans*) ([Table 2](#antibiotics-08-00188-t002){ref-type="table"}).

4.2. In Vitro Susceptibility Testing {#sec4dot2-antibiotics-08-00188}
------------------------------------

The MIC and MBC of HybenX^®^, sodium hypochlorite, and chlorhexidine for bacterial strains were determined by the broth microdilution method according to Clinical & Laboratory Standards Institute (CLSI) guidelines \[[@B21-antibiotics-08-00188]\]. Briefly, overnight bacterial cultures in Mueller--Hinton Agar (Becton Dickinson and Company, Franklin Lakes, USA) were resuspended at a concentration of ≈1.5 × 10^8^ CFU/mL in sterile saline and then further diluted at a concentration of ≈1.5 × 10^5^ CFU/mL in cation adjusted Mueller--Hinton Broth (CAMHB, Thermo Scientific Waltham, USA) containing serial dilutions of HybenX^®^. The MIC concentration of HybenX^®^ was defined as the lowest concentration inhibiting visible growth of bacteria after 18 ± 2 h of incubation at 35 ± 2 °C. Tested concentrations were 6 × 10^0^--3 × 10^−3^%, 1.3 × 10^0^--6.1 × 10^−4^, and 1 × 10^−1^--4.9 × 10^−5^ for HybenX^®^, sodium hypochlorite, and chlorhexidine, respectively. The MBC was measured by subculturing the broths used for MIC determination onto fresh Mueller--Hinton Agar plates for an additional 24 h at 35 ± 2 °C.

For fungi, the MIC and minimal fungicidal concentration (MFC) were determined by the broth microdilution method according to CLSI guidelines \[[@B22-antibiotics-08-00188]\]. Overnight fungal cultures grown on Sabouraud Dextrose Agar plates (Meus, Piove di Sacco Italy) were resuspended in sterile saline at a concentration of ≈1 × 10^6^--5 × 10^5^ cells/mL and then further diluted at a concentration of ≈5.0 × 10^2^--2.5 × 10^3^ cells/mL in yeast broth (Thermo Scientific) containing serial dilutions of HybenX^®^. The MIC concentration of HybenX^®^ was defined as the lowest concentration inhibiting visible growth of fungi after 48 h of incubation at 35 ± 2 °C. The MFC was measured by subculturing the broths used for MIC determination onto fresh Sabouraud Dextrose Agar plates for additional 48 h at 35 ± 2 °C. MBC and MFC were defined as the lowest concentration of HybenX^®^ that resulted in killing at least 99.9% of the bacterial and fungi. All experiments were performed in triplicate for bacteria and in duplicate for yeasts.

5. Conclusions {#sec5-antibiotics-08-00188}
==============

HybenX^®^ exhibited a remarkable antimicrobial activity against common bacterial and fungal species and might represent an interesting option for the treatment of periodontitis, endodontic infections and ulcers.
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antibiotics-08-00188-t001_Table 1

###### 

Minimal inhibitory and bactericidal concentrations (MIC and MBC, respectively) of HybenX^®^ sodium hypochlorite and chlorhexidine on a collection of Gram-negative and Gram-positive strains.

  Species                                   Sodium Hypochlorite (%)   Chlorhexidine (%)   Hybenx^®^ (%)                                 
  ----------------------------------------- ------------------------- ------------------- --------------- -------------- -------------- --------------
  *Pseudomonas aeruginosa* PAO-1            1.6 × 10^−1^              3.0 × 10^−1^        7.8 × 10^−4^    6.3 × 10^−3^   3.9 × 10^−1^   3.9 × 10^−1^
  *Pseudomonas aeruginosa* ATCC 27853       1.6 × 10^−1^              3.0 × 10^−1^        1.5 × 10^−3^    3.1 × 10^−3^   3.9 × 10^−1^   3.9 × 10^−1^
  *Staphylococcus aureus* ATCC 29213        3.9 × 10^−2^              7.8 × 10^−2^        9.8 × 10^−5^    2.0 × 10^−4^   3.9 × 10^−1^   3.9 × 10^−1^
  *Staphylococcus aureus* ATCC 25923        3.9 × 10^−2^              7.8 × 10^−2^        4.9 × 10^−5^    9.8 × 10^−5^   3.9 × 10^−1^   7.8 × 10^−1^
  *Staphylococcus aureus* ATCC 33591 ^a^    3.9 × 10^−2^              7.8 × 10^−2^        9.8 × 10^−5^    2.0 × 10^−4^   3.9 × 10^−1^   3.9 × 10^−1^
  *Enterococcus faecalis* ATCC 29212        7.8 × 10^−2^              1.6 × 10^−1^        3.9 × 10^−4^    7.8 × 10^−4^   3.9 × 10^−1^   3.9 × 10^−1^
  *Enterococcus faecalis* 51299 ^b^         3.9 × 10^−2^              7.8 × 10^−2^        3.9 × 10^−4^    7.8 × 10^−2^   3.9 × 10^−1^   7.8 × 10^−1^
  *Escherichia coli* ATCC 25922             3.9 × 10^−2^              7.8 × 10^−2^        4.9 × 10^−5^    4.9 × 10^−5^   3.9 × 10^−1^   3.9 × 10^−1^
  *Escherichia coli* NCTC 13476 ^c^         7.8 × 10^−2^              1.6 × 10^−1^        3.9 × 10^−4^    3.9 × 10^−4^   3.9 × 10^−1^   3.9 × 10^−1^
  *Escherichia coli* ATCC 35218             3.9 × 10^−2^              7.8 × 10^−2^        9.8 × 10^−5^    2.0 × 10^−4^   3.9 × 10^−1^   3.9 × 10^−1^
  *Klebsiella pneumoniae* ATCC 700603 ^d^   7.8 × 10^−2^              1.6 × 10^−1^        6.3 × 10^−3^    1.3 × 10^−2^   3.9 × 10^−1^   7.8 × 10^−1^
  *Klebsiella pneumoniae* ATCC 13883        7.8 × 10^−2^              1.6 × 10^−1^        1.6 × 10^−3^    3.0 × 10^−3^   3.9 × 10^−1^   3.9 × 10^−1^
  *Klebsiella pneumoniae* CIP 52.145 ^e^    7.8 × 10^−2^              1.6 × 10^−1^        3.1 × 10^−3^    6.0 × 10^−3^   3.9 × 10^−1^   3.9 × 10^−1^
  *Acinetobacter baumannii* ATCC 17978      3.9 × 10^−2^              7.8 × 10^−2^        1.5 × 10^−3^    3.0 × 10^−3^   3.9 × 10^−1^   3.9 × 10^−1^
  *Enterobacter cloacae* ATCC 13047         7.8 × 10^−2^              1.6 × 10^−1^        1.9 × 10^−4^    3.9 × 10^−4^   3.9 × 10^−1^   3.9 × 10^−1^
  *Klebsiella aerogenes* ATCC 13048         7.8 × 10^−2^              1.6 × 10^−1^        6.3 × 10^−3^    1.3 × 10^−2^   3.9 × 10^−1^   3.9 × 10^−1^

^a^ MRSA: methicillin-resistant *Staphylococcus aureus*; ^b^ VRE: vancomycin-resistant *Enterococcus;* ^c^ CPE: carbapenemase-producing *Enterobacterales*; ^d^ ESBL: extended-spectrum β-lactamase producer; ^e^ strain showing an hypermucoviscous phenotype.

antibiotics-08-00188-t002_Table 2

###### 

Minimal inhibitory and fungicidal concentrations (MIC and MFC, respectively) of HybenX^®^, sodium hypochlorite and chlorhexidine on a collection of different *Candida* spp. and *Cryptococcus neoformans*.

  Species                                Sodium Hypochlorite (%)   Chlorhexidine (%)   Hybenx^®^ (%)                                 
  -------------------------------------- ------------------------- ------------------- --------------- -------------- -------------- --------------
  *Candida tropicalis* ATCC 750          3.9 × 10^−2^              3.9 × 10^−2^        3.9 × 10^−4^    7.8 × 10^−4^   7.8 × 10^−1^   7.8 × 10^−1^
  *Candida krusei* ATCC 6258             2.0 × 10^−2^              3.9 × 10^−2^        7.8 × 10^−4^    7.8 × 10^−4^   7.8 × 10^−1^   7.8 × 10^−1^
  *Candida glabrata* ATCC 90030          2.0 × 10^−2^              2.0 × 10^−2^        7.8 × 10^−4^    3.1 × 10^−3^   1.0 × 10^−1^   7.8 × 10^−1^
  *Candida auris* CBS 12372              3.9 × 10^−2^              7.8 × 10^−2^        1.5 × 10^−3^    1.5 × 10^−3^   7.8 × 10^−1^   1.6 × 10^0^
  *Candida auris* CBS 10913              3.9 × 10^−2^              7.8 × 10^−2^        1.5 × 10^−3^    1.5 × 10^−3^   7.8 × 10^−1^   7.8 × 10^−1^
  *Candida albicans* ATCC 90028          3.9 × 10^−2^              3.9 × 10^−2^        7.8 × 10^−4^    7.8 × 10^−4^   7.8 × 10^−1^   1.6 × 10^0^
  *Candida parapsilosis* ATCC 22019      3.9 × 10^−2^              7.8 × 10^−2^        9.8 × 10^−5^    9.8 × 10^−5^   7.8 × 10^−1^   7.8 × 10^−1^
  *Candida parapsilosis* ATCC 90019      3.9 × 10^−2^              7.8 × 10^−2^        3.9 × 10^−4^    7.8 × 10^−4^   7.8 × 10^−1^   7.8 × 10^−1^
  *Candida parapsilosis* ATCC 90018      3.9 × 10^−2^              3.9 × 10^−2^        7.8 × 10^−4^    3.1 × 10^−3^   7.8 × 10^−1^   7.8 × 10^−1^
  *Cryptococcus neoformans* ATCC 90112   2.0 × 10^−2^              3.9 × 10^−2^        4.9 × 10^−5^    4.9 × 10^−5^   7.8 × 10^−1^   7.8 × 10^−1^
